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0.50 

No 

Christian  Barthel  (Harvard) 

0.50 

No 

Ian  Chan  (  Harvard) 

0.50 

No 

Andrew  Vidan  (  Harvard) 

0.50 

No 

Parisa  Fallal!  (  Harvard) 

0.50 

No 

Muhammed  Yildirim  (  Harvard) 

0.50 

No 

Yishifumi  Nishi  (Tokyo) 

1.00 

No 

Shinichi  Amaha(  Tokyo) 

1.00 

No 

Tetsuo  Kodera  (Tokyo) 

1.00 

No 

Yuichi  Igarashi  (Tokyo) 

1.00 

No 

Kenichi  Hitachi  (Tokyo) 

1.00 

No 

Akihiko  Takahashi  (Tokyo) 

1.00 

No 

Jun  Sugawa  (Tokyo) 

1.00 

No 

Yosuke  Kitamura  (Tokyo) 

1.00 

No 

Akihiro  Soma  (Tokyo) 

1.00 

No 

Testuya  Asayama  (Tokyo) 

1.00 

No 

Aihiko  Numata  (Tokyo) 

1.00 

No 

Yoshifumi  SHimizu  (Tokyo) 

1.00 

No 

Yasuaki  Yokoyama  (Tokyo) 

1.00 

No 

Shinpei  Yamaguchi  (Tokyo) 

1.00 

No 

Jihan  Kim  (UlUC) 

0.25 

No 

FTE  Equivalent: 

24.75 

Total  Number: 

32 

Names  of  Post  Doctorates 


NAME 

PERCENT  SUPPORTED 

P.  Matagne  (UlUC) 

1.00 

No 

D.  Melnikov  (UlUC) 

1.00 

No 

G.  Yu  (NRC) 

1.00 

No 

L.M.K.  Vandersypen  (Delft) 

1.00 

No 

C.  Mayer  (Delft) 

1.00 

No 

W.G.  van  der  Wiel  (Delft-Tokyo) 

1.00 

No 

P.  Jarillo-Herrero  (Delft) 

1.00 

No 

S.  Erlingsson  (Basel) 

1.00 

No 

J.  Lehmann  (Basel) 

1.00 

No 

C.  Egues  (Basel) 

1.00 

No 

H.-A  Engel  ( Basel) 

1.00 

No 

F.  Meier  (  Basel) 

1.00 

No 

Jason  Petta  (Harvard) 

1.00 

No 

Michel  Piodo  Ladriere  (Tokyo) 

1.00 

No 

Tsuyoshi  Hatano  (Tokyo) 

1.00 

No 

Alessandro  Pioda  (Tokyo) 

1.00 

No 

Toshiaki  Obata  (Tokyo) 

1.00 

No 

Yun  Sok  Shin  (Tokyo) 

1.00 

No 

Takeshi  Ota  (Tokyo) 

1.00 

No 

Mike  Stopa  (Tokyo) 

1.00 

No 

Toshiaki  Kubo  (Tokyo) 

1.00 

No 

Takeshi  Inoshita  (Tokyo) 

1.00 

No 

Wataru  Izumida  (Tokyo) 

1.00 

No 

FTE  Equivalent: 

23.00 

Total  Number: 

23 

Names  of  Faculty  Supported 


NAME 

PERCENT  SUPPORTED 

National  Academy  Member 

J.P.  Leburton  (UlUC) 

1.00 

No 

B.  Altshuler  ( Columbia) 

1.00 

No 

D.G.  Austing  (NRC) 

0.00 

No 

L.  Kouwenhoven  (  Delft) 

0.00 

No 

D.  Loss  (Basel) 

0.00 

No 

C.M.  Marcus  (  Harvard) 

1.00 

No 

S.  Tarucha  ( Tokyo) 

0.00 

No 

R.M.  Westvelt  ( Harvard) 

1.00 

No 

K.  Ono  (Tokyo) 

0.00 

No 

M.  Yamamoto  (Tokyo) 

0.00 

No 

FTE  Equivalent: 

4.00 

Total  Number: 

10 

Names  of  Under  Graduate  students  supported 


NAME 

PERCENT  SUPPORTED 

Sapan  Agarwal  (UlUC) 

0.00 

No 

Nathaniel  Craig  ( Harvard) 

0.00 

No 

FTE  Equivalent: 

0.00 

Total  Number: 

2 

Names  of  Personnel  receiving  masters  degrees 


NAME 

Jihan  Kim  (UIUC) 

No 

Lingxiao  Zhang  (UIUC) 

No 

Yishiflimi  Nishi  (  Tokyo) 

No 

Jihan  Kim  (UIUC) 

No 

Lingxiao  Zhang  (UIUC) 

No 

Yishiflimi  Nishi  (  Tokyo) 

No 

Testuya  Asayama  (Tokyo) 

No 

Aihiko  Numata  (Tokyo) 

No 

Akihiko  Takahashi  (Tokyo) 

No 

Jun  Sugawa  (Tokyo) 

No 

Shinichi  Amaha(  Tokyo) 

No 

Akihiro  Soma  (Tokyo) 

No 

Yasuaki  Yokoyama  (Tokyo) 

No 

Kenichi  Hitachi  (Tokyo) 

No 

Tetsuo  Kodera  (Tokyo) 

No 

Yuichi  Igarashi  (Tokyo) 

No 

Shinpei  Yamaguchi  (Tokyo) 

No 

Shinichi  Amaha  (Tokyo) 

No 

Yosuke  Kitamura  (Tokyo) 

No 

Total  Number: 

Names  of  personnel  reeeiving  PHDs 


NAME 

R.  Hanson  ( Delft) 

No 

L.H.  Willem  van  Beveren  (Delft) 

No 

B.  Coish  (  Basel) 

No 

H.A.  Engel  (  Basel) 

No 

A.  Johnson  (Harvard) 

No 

R.  Potok  (Harvard) 

No 

J.  Folk  (  Harvard) 

No 

A.  Vidan  (  Harvard) 

No 

J.  Taylor  (  Harvard) 

No 

D.  Zumhuhl  ( Harvard) 

No 

I.  Chan  (  Harvard) 

No 

P.  Fallahi  (Harvard) 

No 

Shinichi  Amaha  (Tokyo) 

No 

Yishiflimi  Nishi  (Tokyo) 

No 

Michihisa  Yamamoto  (Tokyo) 

No 

Tetsuo  Kodera  (Tokyo) 

No 

Total  Number: 

16 

Names  of  other  researeh  staff 


NAME  PERCENT  SUPPORTED 


FTE  Equivalent: 
Total  Number: 


Sub  Contractors  (DD882) 


Inventions  (DD882) 


Summary  of  Accomplishments 


Task  1) :  Theory  of  spin  relaxation  and  decoherence  in  quantum  dots.  (D.  Loss) 

Loss  has  theoretically  investigated  a  variety  of  problems  related  to  spin  qubits  in  quantum 
dots,  with  primary  focus  on  decoherence  issues,  the  most  important  scalability  issue  in 
quantum  computing.  He  has  shown  that  the  most  important  source  of  spin  relaxation  in 
quantum  dots  is  dominated  by  spin  phonon  interaction  induced  by  spin  orbit  coupling.  He 
made  various  predictions  of  the  relaxation  time  in  quantum  dots  as  function  of  dot  size, 
geometry  and  magnetic  field  dependence,  which  is  very  specific  for  GaAs.  All  these 
predictions  have  been  verified  experimentally,  mostly  by  groups  in  this  consortium 
(Delft,  Harvard,  and  Tokyo),  but  also  by  other  groups  (in  particular,  Kastner's  group  at 
MIT). In  contrast  to  this,  the  spin  decoherence  times  turn  out  to  be  dominated  by 
hyperfine  interaction  of  the  electron  spin  with  thenuclear  spins  of  the  lattice.  He  spent 
considerable  effort  to  understand  this  type  of  decoherence  in  single  and  double  quantum 
dots  (the  latter  being  motivated  by  ongoing  experiments  in  the  consortium).  He  found 
many  new  and  interesting  results,  showing  that  decoherence  due  to  many  other  spins  is 
non-Markovian  and  characterized  by  power  laws.  Some  of  our  predictions  in  double  dots 
such  as  power  laws,  and  most  recently  also  universal  phase  shifts  have  been 
experimentally  confirmed  (Harvard  and  Delft).  This  is  agreement  between  theory  and 
experiment  is  very  reassuring  and  demonstrates  that  we  have  understood  the  essential 
mechanisms  for  decoherence,  and  this  gives  strong  support  and  credibility  to  our  further 
predictions  that  the  nuclear  spin  problem  can  be  controlled  in  GaAs  quantum  dots.  In  this 
context  this  overall  effort  has  been  very  successful  and  has  achieved  essentially  all 
milestones  such  as  single  spin  read  out  (Delft),  sqrt-of-swap  (Harvard)  and  single  spin 
Rabi  oscillations.  At  the  end  of  this  program  and  based  on  our  theoretical  progress  in 
understanding  the  sources  of  decoherence  one  can  now  say  with  great  confidence  that 
spin  qubits  in  solid  state  systems  are  one  of  the  most  promising  candidates  for  a  scalable 
quantum  computer. 

Task  2):  Fabrication  and  characterization  of  coupled  quantum  dots  (R,M 
Westervelt) 

Westervelt  studied  the  behavior  of  few-electron  double  and  triple  quantum  dots.  He 
started  with  1 -electron  tunnel-coupled  double  dots,  and  then  developed  few-electron 
triple  dots  arranged  in  a  ring.  These  devices  were  formed  by  gates  in  a  GaAs/AlGaAs 
heterostructure.  A  charging  rectifier  that  operated  as  a  quantum  ratchet  was  demonstrated 
by  a  triple-dot  device.  The  Kondo  effect  in  1-  and  2-electron  quantum  dots  was  observed 
in  a  triple  dot  device,  including  nonequilibrium  structure.  Electrons  inside  a  1 -electron 
GaAs  dot  were  imaged  using  a  cooled  scanning  probe  microscope  (SPM)  tip  as  a 
movable  gate.  An  SPM  image  of  the  dot  shows  rings  of  high  conductance,  corresponding 
to  Coulomb  blockade  peaks  as  electrons  are  added  to  the  dot.  The  image  determines  the 
energy  shift  of  electrons  inside  the  dot  as  the  SPM  tip  is  scanned  above.  This  technique 
was  used  to  measure  the  diamagnetic  shift  of  the  electron  ground  state  inside  a  1 -electron 
GaAs  dot.  Westervelt  also  proposed  a  way  to  map  the  wavefunction  for  an  electron  state 
in  the  dot  using  an  image  of  the  energy  shift,  this  technique  is  promising  for  the  future. 
For  coupled  quantum  dots,  the  SPM  tip  can  add  or  subtract  an  electron  from  a  given  dot, 
providing  a  way  to  manipulate  electrons  inside  multiple  dot  circuits.  Westervelt 


contributed  to  theory  from  Loss's  group  on  the  entanglement  of  spins  in  an  open  system 
through  eollisions,  and  to  the  predieted  oeeurenee  of  Zitterbewegung  oseillations  of  spin 
direetion  in  narrow  ehannels,  eaused  by  the  spin-orbit  interaetion. 

Task  3:  Fabrication  and  characterization  of  laterally  coupled  vertical  quantum  dots 
(S.  Tarucha  and  D.G  Austing), 

Tarucha’s  group  has  been  sueeessful  in  the  fabrication  of  few  eleetron  laterally 
eoupled  vertical  quantum  dots.  He  developed  various  kinds  of  teehnologies  for 
eontrolling  (1)  spin  effeets  in  quantum  dots  using  Pauli  spin  bloekade,  and  spin  filtering 
effeet,  (2)  eharge  and  spin  states  in  double  quantum  dots  as  a  funetion  of  gate  voltage  and 
magnetie  field,  (3)  exehange  eoupling  in  double  quantum  dots  as  a  funetion  of  gate 
voltage  and  magnetic  field,  (4)  eoupling  between  eleetron  spin  and  nuclear  spin  with 
exchange  energy  as  a  parameter,  and  (5)  eoherent  operation  of  nuelear  spin  ensembles. 
He  also  proposed  a  new  seheme  of  eleetron  spin  qubits  using  slanting  Zeeman  field.  This 
seheme  is  mueh  more  relevant  for  sealability  than  those  proposed  to  date. 

Work  on  the  development  of  three  or  more  laterally  eoupled  vertieal  dots  for 
potential  qubit  circuits  was  initiated.  Initial  devices  were  designed  and  fabricated  but  it 
remains  a  challenge  to  reliably  make  sueh  struetures  where  all  gates  work  and  the  inter¬ 
dot  eouplings  are  eomparable  and  eontrollable.  Simulations  by  Leburton  proved 
insightful  but  also  illustrate  the  extreme  sensitivity  of  the  inter-dot  eoupling  to  small 
variations  in  the  struetural  parameters.  An  alternative  strategy  of  eoupling  three  or  more 
vertieal  dots  vertieally  was  envisaged  and  will  be  pursued  by  Austing  and  Leburton. 
Experiments  on  weakly  eoupled  vertieal  double  dot  struetures  with  a  single  gate  were 
sueeessful.  There  were  three  areas  of  foeus:  i.  Single  partiele  states  of  one  quantum  dot 
were  probed  up  to  high  energy  with  the  Is-like  state  of  the  other  quantum  dot.  In  a 
magnetic  field,  Foek-Darwin  like  speetra  were  measured  and  this  is  a  way  to  assess  in 
detail  the  symmetry  of  the  underlying  dot  potential.  This  is  useful  for  realistie  deviee 
simulation.  Furthermore,  2-,  3-,  and  4-  quantum  level  erossings  were  observed  whieh  will 
be  investigated  further  for  novel  mixing  effeets;  ii.  Current  resonanees,  eurrent  hysteresis, 
and  slow  quasi-periodic  eurrent  oseillations  (~10's  seeond)  at  high  bias,  well  outside  the 
N=2  spin  bloekade  regime,  were  observed.  Measurements  are  being  performed  to  see  if 
this  is  related  to  eleetron  spin-  nuelear  spin  (hyperfine)  eoupling.  If  this  is  the  ease,  then 
the  infiuenee  of  nuelear  spin  is  more  widespread  than  eurrently  understood;  iii.  High  bias 
I-V  eharaeteristies  were  measured,  and  modeling  attempted.  This  is  to  test  how  well 
resonant  tunneling  barrier  structures  are  understood  in  the  context  of  resonant  versus 
sequential  tunneling,  and  seattering  (ineluding  phonons). 

Task  4):  Read-out  and  spin  detection  in  quantum  dots 

Kouwenhoven’s  group  has  been  sueeessful  in  developing  a  method  for  reading 
out  the  spin  state  of  electrons  in  a  quantum  dot  that  is  robust  against  charge  noise  and  ean 
be  used  even  when  the  eleetron  temperature  exeeeds  the  energy  splitting  between  the 
states.  The  spin  states  are  first  eorrelated  to  different  eharge  states  using  a  spin 
dependence  of  the  tunnel  rates.  A  subsequent  fast  measurement  of  the  eharge  on  the  dot 
then  reveals  the  original  spin  state.  He  experimentally  demonstrated  the  method  by 
performing  readout  of  the  two-eleetron  spin  states,  aehieving  a  single-shot  visibility  of 


more  than  80%.  Kouwenhoven  found  very  long  triplet-to-singlet  relaxation  times  (up  to 
several  milliseeonds),  with  a  strong  dependenee  on  the  in-plane  magnetie  field. 

Task  5):  Measurement  of  decoherence  and  exchange  modulation  in  coupled 
quantum  dots  (C,M,  Marcus) 

Marcus’s  group  developed  and  measured  singlet-triplet  spin  qubit,  measured  spin  T2 
using  spin  echo  in  a  two-electron  quantum  dot,  measured  effect  of  finite  exchange  in 
preserving  spin  coherence  in  double  quantum  dot,  realized  two  electron  square-root-of- 
swap  operation  in  a  time  1  ns.  We  also  demonstrated  electron  mediated  exchange 
between  separated  quantum  dots  (RKKY  interaction). 

Task  6):  Quantum  modeling  of  exchange  coupling  in  realistic  quantum  dots  (J,P. 
Lehurton) 

Leburton’s  group  has  developed  comprehensive  3D  self-consistent  modeling  tools  to 
simulate  exchange  interaction  between  two  electron  spins,  which  is  controlled  by  electric 
gate  in  experimental  quantum  dots  in  the  presence  of  magnetic  fields.  Variations  of  the 
exchange  interaction  with  magnetic  fields  reproduce  the  experimental  values  (Marcus, 
Tarucha),  and  in  the  triplet  state  can  at  best  reach  a  few  tenths  of  jieVs.  In  this  process  it 
was  found  that  the  exchange  modulation  by  the  gate  field  was  caused  by  the  coulomb 
repulsion  between  the  electrons  than  by  the  modulation  of  the  coupling  barrier.  In  this 
respect,  vertical  quantum  dots  have  a  slight  advantage  in  achieving  higher  exchange 
values  than  in  planar  dots  because  of  the  harder  confinement  offered  by  the  mesa 
structure.  Overall  considerable  insight  into  the  influence  of  device  design  over  the 
physics  of  exchange  has  been  obtained  by  the  new  modeling  tools. 


